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Introduction
Mantle cell lymphoma (MCL) is a lethal mature B cell lympho-
ma manifested by cyclin D1 overexpression due to a t(11;14)
(q13;q32) chromosomal translocation and mutations of genes 
associated with cell proliferation and survival, including CDK-
N2A, ATM, or TP53 (1). Over the years, a large variety of con-
ventional and targeted therapeutic strategies, including com-
bination immunochemotherapy and autologous stem cell 
transplantation, have been used clinically to manage this dis-
ease (2–5). More recently, efforts in precision oncology have led 
to the advancement of new therapeutics for the treatment of 
refractory and resistant MCL, such as anti-CD19 chimeric anti-
gen receptor (CAR) T cell therapy, anti-BCL2, or non-covalent 
Bruton’s tyrosine kinase (BTK) inhibitors (6–11). But despite ini-
tial success, therapy resistance nonetheless emerges (12). Thus, 

there is a need to identify new therapeutic targets and treatment 
strategies for MCL patients.

Oncogenic events occur in the context of cellular identity that 
is established and sustained by lineage-specific transcriptional 
programs (13, 14). Suppression of the core lineage transcription 
factors (TFs) within those programs dissolves pro-oncogenic gene 
expression networks and induces cancer cell death. Targeting the 
TF-defined lineage dependencies has thus emerged as an import-
ant therapeutic avenue in modern cancer treatment, as highlight-
ed by the enduring clinical success of agents that target the estro-
gen receptor for breast cancers (15, 16) or the androgen receptor for 
prostate cancers (17, 18). Therefore, elucidation of MCL lineage- 
survival transcriptional programs may also help to unravel a new 
class of therapeutic targets.

FOXO TFs play an evolutionarily conserved role in many bio-
logical processes, including cellular metabolism, stress response, 
and tumorigenesis (19). The PI3K/AKT/FOXO signaling cascade 
is known to regulate cellular growth and proliferation. Inactivation 
of FOXO1 and its closely related paralogs FOXO3 and FOXO4 has 
been shown to promote tumorigenesis in the mesodermal lineag-
es (20), kidney (21), and prostate (22) in animal models. In addi-
tion to its well-known tumor suppressor effects, FOXO1 has been 
linked to the process of mature B cell development and germinal 
center dark zone creation (23–28). In particular, a significant frac-
tion of B cell–originated lymphomas, including approximately 
12% of Burkitt lymphomas (BLs) and approximately 9% of dif-
fuse large B cell lymphomas (DLBCLs), carry activating FOXO1 
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more, strongly biased dependency scores of 4 TFs extracted from 
Project Achilles (DepMap 22Q2; ref. 35) from 1,086 cell lines encom-
passing 27 lineage subtypes confirmed their selective essentiality in 
the subset of 42 cell lines of B lymphocyte origin and diseases (i.e., 
non-Hodgkin’s lymphoma) (Supplemental Figure 1C).

To validate the findings of our pooled screens, we conducted 
competition-based proliferation assays of individual sgRNAs against 
these 4 identified candidates (Figure 1A). Consistent with our pooled 
CRISPR screening results, transduction of the green fluorescent pro-
tein (GFP) reporter coexpressing sgRNA constructs targeting EBF1, 
FOXO1, IRF4, or PAX5 severely impaired the growth of MCL cell 
lines JEKO1 (Figure 1D) and CCMCL1 (Supplemental Figure 1D). 
The on-target effects of the individual sgRNAs were confirmed by 
complementation experiments in which pre-transduction of CCM-
CL1 cells with a CRISPR-resistant cDNA of EBF1, FOXO1, IRF4, or 
PAX5 rescued the growth arrest phenotype caused by the respective 
sgRNAs targeting those TFs (Figure 1, E–H, and Supplemental Figure 
1, E and F). By contrast, sgRNAs targeting 3 reported MCL oncogenic 
driver TFs (SOX11, RELA, and RELB) (36, 37) caused only a modest 
dropout in CCMCL1, MAVER1, and JEKO1 cells (Supplemental Fig-
ure 2, A–D), suggesting that these are not commonly essential MCL 
lineage-survival TFs. Reanalysis of publicly accessible data sets (38) 
confirmed that transcripts of EBF1, FOXO1, IRF4, and PAX5 are 
expressed across MCL patients, with PAX5 > IRF4 > FOXO1 > EBF1 
as the median expression order (Figure 1I). The protein expression 
was further confirmed in primary MCL cells and patient-derived 
xenograft samples (Figure 1, J and K, and Supplemental Table 2).

EBF1, FOXO1, IRF4, and PAX5 have previously been implicat-
ed in B cell development (39). To test whether they were broad-
ly essential, we performed a competition-based assay in cells of 
B cell–origin malignancies such as the DLBCL cell line OCI-Ly1 
(Supplemental Figure 2E) and the BL cell lines BJAB (Supplemen-
tal Figure 2F) and DG75 (Supplemental Figure 2G). Notably, while 
PAX5 was essential for DG75 cells, depletion of FOXO1, EBF1, or 
IRF4 had only minor or modest effects on the growth of DG75 and 
OCI-Ly1 cells and no effect on BJAB cells, indicating that these TFs 
are not universally required for B cell malignancies. In addition, 
we found that the 4 TFs were totally dispensable for the non–B 
cell malignancies, including the AML cell line HEL (Supplemental 
Figure 2H), the osteosarcoma cell line U2OS (Supplemental Figure 
2I), the non–small cell lung carcinoma cell line H1299 (Supple-
mental Figure 2J), and the cervical cancer cell line HeLa (Supple-
mental Figure 2K). As a positive control for CRISPR competency, 
targeting of proliferating cell nuclear antigen (PCNA) by sgPCNA 
reduced the viability of the individual cancer cell lines included 
in this study (Supplemental Figure 2L), ruling out the possibility 
of incomparable genome editing efficiency. Together, our CRISPR 
screening identified EBF1, FOXO1, IRF4, and PAX5 as MCL lin-
eage–specific survival TFs.

Colocalization of MCL survival TFs facilitates collaborative regu-
lation of B cell fate genes. Previous studies reported FOXO1, EBF1, 
PAX5, and IRF4 as TFs involved in B cell development and B-lin-
eage commitment (39, 40). To understand the transcription pro-
grams that are regulated by these TFs in MCL cells, we performed 
ChIP-Seq to define their genome-wide occupancy. Analysis of the 
ChIP-Seq data found a colocalization of the 4 TFs at chromatin 
regions of CCMCL1 cells (Figure 2, A and B). The specificity of 

missense mutations (29, 30), suggesting that FOXO1 can act as a 
tumor suppressor or a lineage-survival oncogene in a strictly con-
text-dependent manner.

Despite the broad therapeutic promise of targeting lineage- 
survival transcriptional programs, a major hurdle has been the 
identification of pharmacologically effective compounds. In fact, 
outside nuclear receptors, TFs have been considered undrugga-
ble owing to their intrinsically disordered structures and gen-
eral lack of defined small-molecule binding pockets (31–33). 
In tackling this problem, we combined unbiased genetic and 
pharmacological approaches to catalog the MCL transcriptional  
lineage-survival programs. Our CRISPR/Cas9–based TF library 
screening identified EBF1, FOXO1, IRF4, and PAX5 as the top 
lineage-defined TFs necessary for MCL survival and prolifera-
tion. Integrated chromatin immunoprecipitation and sequencing 
(ChIP-Seq) and transcriptional network reconstruction analysis 
revealed FOXO1 at the upstream regulatory TF hierarchy that 
drives the MCL lineage-survival program. Through a small- 
molecule library screen, we further identified a FOXO1-targeted 
lead compound. Finally, we demonstrate that genetic or phar-
macological targeting of FOXO1 in MCL cells could induce a 
robust cytotoxic response. These findings establish FOXO1 as 
a lineage-specific survival factor that primes MCL lineage tran-
scriptional regulation to promote disease progression and thus 
represents a bona fide therapeutic target for MCL.

Results
Domain-focused CRISPR/Cas9 screening identifies core TFs essential 
for MCL proliferation and survival. To characterize MCL lineage 
dependencies, we conducted a CRISPR/Cas9–based negative selec-
tion screening using a domain-focused single-guide RNA (sgRNA) 
library consisting of 8,908 sgRNAs targeting 1,427 human TFs (Fig-
ure 1A) (34). Five MCL lines (CCMCL1, JEKO1, UPN1, MAVER1, and 
SEFA) plus an acute myeloid leukemia (AML) line (HEL, non-MCL 
control) were first transduced with lenti-Cas9 before the introduc-
tion of the pooled sgRNA library. After 14 population doublings, the 
relative impact of each sgRNA on cell growth was assessed via DNA 
sequencing–based quantification of sgRNA abundance. Spike-in 
positive and negative control sgRNAs included in the library vali-
dated the overall accuracy of the screening strategy (Supplemental 
Figure 1A; supplemental material available online with this article; 
https://doi.org/10.1172/JCI160767DS1). As expected, we found 
that most TF dependencies were nonselective and present in all 6 
cell lines, such as ATF4, MYB, MYC, SPI1, and THAP11 (Figure 1, B 
and C, Supplemental Figure 1B, and Supplemental Table 1). To cat-
alog the selective TF dependencies for MCL cells, we ranked each 
TF based on its relative essentiality in the 5 MCL cell lines versus 
the control AML cell line HEL. Of the total 1,427 TFs, we identified 
4 TFs — EBF1, FOXO1, IRF4, and PAX5 — as the top MCL-selective 
hits whose sgRNA-mediated targeting had a minimal impact on 
HEL cell proliferation but caused a severe growth arrest phenotype 
in all 5 MCL lines (Figure 1, B and C, and Supplemental Figure 1B). 
Cross-checking with the published screen data of the same sgRNA 
library in 33 cancer cell lines of various tissue origins (34) revealed 
that the 4 identified TFs were not essential for the survival of leu-
kemia, sarcoma, lung cancer, or pancreatic cancer cells, suggesting 
that they are lineage-specific survival TFs of MCL cells. Further-
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Figure 1. Domain-focused CRISPR/Cas9 screening identifies core TFs essential for MCL proliferation and survival. (A) Experimental schematic for the 
CRISPR/Cas9 screen and the competition-based GFP dropout proliferation assay. (B) Scatterplot analysis of TF dependencies in CCMCL1 cells (y axis) 
versus HEL cells (x axis) ranked by the average sgRNA log2 fold change (log2FC) of each gene in the pooled CRISPR screen. (C) Heatmap depicts log2FC of 
sgRNA abundance of selected genes (averaging each independent sgRNA targeting a gene). (D) Competition-based proliferation assays to validate the 
results from the pooled screen. Experiments were conducted by transduction of Cas9-expressing JEKO1 cells with indicated lentivirus sgRNAs that coex-
press a GFP reporter. Plotted is the percentage of GFP-positive cells (normalized to the day 3 measurement) at the indicated time points during culturing. 
sgRNAs targeting ROSA and MYC are included as a nontargeting negative control and a positive control, respectively. (E–H) Verification of on-target 
effects of sgRNAs against IRF4 (E), PAX5 (F), EBF1 (G), and FOXO1 (H). Competition-based proliferation assays in CCMCL1 cells expressing control or 3× 
FLAG–tagged and CRISPR-resistant synonymous IRF4 (F-IRF4r#1), PAX5 (F-PAX5r#1), EBF1 (F-EBF1r#1), and FOXO1 (F-FOXO1r#1) mutants. The indicated 
CRISPR-resistant synonymous mutants were designed specifically for sgIRF4#1, sgPAX5#1, sgEBF1#1, and sgFOXO1#1. (I) Violin plots of RNA expression 
levels in transcripts per million (TPM) of indicated TFs in patient MCL cells (n = 37). RNA-Seq data were reanalyzed from GSE141336 of Zhao et al. (38). 
(J and K) Immunoblot analysis of patient MCL cells (J) and patient-derived xenografts (PDX) (K). (D–H) Data represent mean ± SEM (n = 3). Results are 
representative of 2 independent experiments. Statistical analysis was performed using 1-way ANOVA with Tukey’s multiple-comparison test. *P < 0.05, 
**P < 0.001, ***P < 0.0005, ****P < 0.0001. 
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Figure 2. Colocalization of MCL survival TFs facilitates collaborative regulation of B cell fate genes. (A) Heatmap of signals from input, FOXO1, EBF1, PAX5, 
IRF4, H3K27ac, H3K4m1, and H3K4m3 ChIP-Seq from CCMCL1 cells at ChIP-Seq peaks (number) as well as promoters of UCSC genes. The window extends 5 
kb in each direction from the center of ChIP-Seq peaks or transcription start sites. (B) Histogram view of A. (C) Enrichment analysis of genes (number) with 
ChIP-Seq peak–associated promoters within gene sets highly expressed at each of the 4 developmental stages in the healthy B cells. Adjusted P values were 
calculated by a hypergeometric test followed by a Benjamini-Hochberg procedure. The black dashed line represents FDR cutoff 0.01. CLP, common lymphoid 
progenitor. (D and E) Visualization of representative ChIP-Seq tracks for indicated B cell genes. (F and G) Verification of TF regulation in MCL. At 72 hours after 
transduction of indicated sgRNAs, CCMCL1 or JEKO1 cells were analyzed for PTPRC and PAX5 mRNA levels by RT-qPCR). Data represent mean ± SEM (n = 3). 
Results are representative of 3 or 4 independent experiments. Statistical analysis in F and G was performed using 2-tailed unpaired Student’s t test.  
*P < 0.05, **P < 0.005, ***P = 0.0005, ****P < 0.0001.
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partially compensated for sgRNA-mediated EBF1, IRF4, or PAX5 
depletion and enhanced cell survival in comparison with vector 
control–transduced CCMCL1 cells (Figure 3C). These findings 
raised the possibility that FOXO1 might function as an upstream 
regulator of the other 3 TFs. In agreement, immunoblot analysis of 
sgFOXO1-transduced CCMCL1 or JEKO1 cells revealed a marked-
ly reduced expression of EBF1, IRF4, and PAX5 proteins in com-
parison with lentiviral sgROSA–infected control cells (Figure 3D).

FOXO1 is one of the pioneer factors that facilitate access to 
inactive chromatin by coregulator complexes (42, 43). To test 
whether enforced FOXO1 expression is sufficient to induce EBF1, 
IRF4, or PAX5 expression in non-B-lineage blood cancer cells, we 
next transduced lentivirus encoding FOXO1 into the AML cell lines 
HEL and THP1, which express negligible levels of EBF1, FOXO1, 
IRF4, and PAX5 (Supplemental Figure 4A). Strikingly, immunoblot 
and quantitative PCR with reverse transcription (RT-qPCR) analy-
sis of FOXO1-transduced HEL or THP1 cells revealed a robust and 
time-dependent induction of EBF1, IRF4, and PAX5 expression, 
with eventual levels comparable to those observed in CCMCL1 
cells (Figure 3, E–H). By contrast, ectopic expression of EBF1 (Sup-
plemental Figure 4, B and C), IRF4 (Supplemental Figure 4, D and 
E), or PAX5 (Supplemental Figure 4, F and G) in HEL or THP1 cells 
could not reprogram the AML cells nor activate expression of the 
other MCL lineage-survival TFs. These findings together indicate 
that FOXO1 acts as an upstream TF to prime the expression of oth-
er MCL lineage-survival TFs. But despite its ability to reprogram 
AML cells, it is worthwhile to note that forced FOXO1 expression 
in HeLa or HEK295T cells of non-hematopoietic origin could not 
reprogram the cells nor promote other MCL lineage-survival TF 
expression (Supplemental Figure 4, H and I), implying that an 
appropriate cellular context is required for FOXO1 to carry out its 
lineage-priming function.

A tiling scan reveals that the DNA binding and transactivation 
domains of FOXO1 are required for its MCL lineage-survival func-
tion. As a member of the forkhead family of TFs, FOXO1 consists 
of several structurally defined domains, including an N-termi-
nal conserved region, a highly conserved forkhead DNA binding 
domain (DBD), a nuclear localization sequence, a nuclear export 
sequence, and a C-terminal transactivation domain (TAD) (Figure 
4A) (44). To map the functional regions of FOXO1 that are critical 
for its MCL lineage-survival activity, we constructed a high-densi-
ty CRISPR library of 167 sgRNAs that covered the entire open read-
ing frame of human FOXO1 (Supplemental Table 5). A CRISPR- 
based tiling scan was carried out by introduction of the pooled 
FOXO1-targeting sgRNA library into the Cas9-expressing MCL 
(CCMCL1, JEKO1, and UPN1) or AML (HEL) cells. The relative 
impact of individual sgRNAs on cell growth over 14 population 
doublings was assessed via DNA sequencing–based quantification 
of sgRNA abundance. As predicted, the scan results confirmed that 
FOXO1 played an essential role in supporting MCL cell growth but 
was dispensable for HEL cells (Figure 4, B–E). But within the 167 
sgRNAs designed to target different FOXO1 domains, we found a 
great variation in their ability to repress MCL cell propagation. All 
sgRNAs that induced more than 20-fold MCL depletion were clus-
tered in the gene regions encoding the DBD and TAD motifs. By 
contrast, the sgRNAs targeting FOXO1 regions encoding protein 
sequences outside of the DBD and TAD domains elicited minimal 

EBF1, PAX5, and IRF4 chromatin colocalization with FOXO1 was 
further confirmed by comparison of their peak enrichment with 
randomly shuffled regions (Supplemental Figure 3, A and B). When 
ChIP-Seq peaks were aligned, we found the colocalization of the 
4 TFs at a set of target genes. Specifically, we found that FOXO1 
had the largest number of binding sites that were associated with 
5,261 genes. Among those genes, 24.6% were commonly occu-
pied by EBF1, 42.4% by PAX5, 15.6% by IRF4 (Supplemental Fig-
ure 3C), and 4.1% (215 genes; Supplemental Table 3) by all 4 TFs. 
Notably, the 4 TF-colocalized genomic regions were also enriched 
for H3K27ac, H3K4m1, or H3K4m3 marks, indicating active pro-
moter/enhancer regions (Figure 2B). To determine the relevance 
of their colocalization to B-lineage development, we next per-
formed UpSet plot analysis to identify the commonly associated 
genes among the 4 TFs (Supplemental Figure 3C). The biggest 
overlap was discovered between FOXO1-occupied genes and 
those occupied by EBF1 (66.4%), PAX5 (66.1%), or IRF4 (75.6%) 
out of 15 comparison groups, indicating that FOXO1 may operate 
as a significant regulatory TF. Based on the finding, we performed 
enrichment analysis of genes occupied by FOXO1 together with 
another TF using a previously described stage-specific B cell tran-
scription signature (41). As predicted, we found an enrichment of 
genes co-occupied by FOXO1 and other TFs at immature B cell, 
pre–B cell, and pro–B cell genes but not at genes associated with 
common lymphoid progenitors (FDR < 0.01; Figure 2C). This find-
ing suggests that FOXO1, along with EBF1, PAX5, and IRF4, may 
function as a stage-specific regulator during B cell development. 
Indeed, the genes commonly associated with these 4 TFs were 
highly enriched for B lymphocyte genes, such as CD79A, CD79B, 
and PAX5 (Figure 2, D and E, and Supplemental Table 3). Consis-
tently, transcript levels of those common targets were reduced 
upon depletion of each TF in MCL cells (Figure 2, F and G).

To gain further insight into how these TFs exert their func-
tion in MCL cells, we also performed a pathway analysis on genes 
occupied by either FOXO1 alone or FOXO1 together with EBF1, 
PAX5, or IRF4 (Supplemental Figure 3C). The analysis revealed 
that genes associated with the co-occupancies were enriched in 
pathways associated with B cell receptor (BCR) signaling, RNA 
metabolism, and apoptosis (Supplemental Figure 3D). To corrob-
orate the findings from ChIP-Seq analysis, we next performed 
RNA-Seq analysis of CCMCL1 MCL cells at 96 hours after trans-
duction of the sgRNA targeting each of the 4 TFs. The following 
pathway analysis identified hallmark gene sets, including interfer-
on response and TNF/KRAS signaling, as the commonly affected 
pathways after TF depletion (Supplemental Figure 3E and Supple-
mental Table 4). Reactome gene set analysis further revealed that 
cell surface receptors such as BCR and immune signaling were 
other significantly affected pathways. Together, our findings indi-
cate that the 4 TFs regulate an overlapping set of genes critical for 
MCL lineage viability.

FOXO1 functions upstream of the MCL lineage regulatory TF hier-
archy. To explore the functional relationship among FOXO1, EBF1, 
IRF4, and PAX5, we next conducted competition-based prolifera-
tion assays to assess their mutual compensatory potential in MCL 
cell viability. Interestingly, while overexpression of EBF1, IRF4, or 
PAX5 in CCMCL1 cells did not affect sgFOXO1-induced growth 
arrest phenotype (Figure 3, A and B), enforced FOXO1 expression 
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growth arrest phenotypes, supporting the notion that the severity 
of negative selection in CRISPR-mediated genome editing cor-
relates with the functional importance of targeted motifs within a 
protein (45). These tiling scan results thus indicate that FOXO1’s 
transcriptional regulator activity is primarily responsible for its 
characteristic MCL-supporting function. Consistently, while com-
plementation of a CRISPR-resistant wild-type FOXO1 cDNA read-
ily rescued the sgFOXO1-induced dropout (Figure 1H and Figure 
4F), the CCMCL1 cells transduced with a CRISPR-resistant DBD 
mutant (H215R) (46) failed to compensate for endogenous FOXO1 
loss and remained highly sensitive to sgRNA-induced endogenous 

FOXO1 depletion (Figure 4, F and G), confirming that the tran-
scriptional regulatory function of FOXO1 is necessary for its MCL 
lineage-survival function.

The transactivation domain of FOXO1 specifies its lineage- 
survival TF activity in MCL cells. FOXO1 belongs to the forkhead 
box O family of TFs, which are known for their highly homologous 
structures and functional redundancy (20). Although FOXO1 was 
identified as a crucial MCL lineage-survival TF, none of the other 
paralogs (i.e., FOXO3, FOXO4, and FOXO6) were scored in our 
CRISPR screen (Supplemental Figure 5A). Consistently, immuno-
blot analysis of a panel of MCL cell lines revealed that FOXO1, 

Figure 3. FOXO1 acts upstream of the MCL lineage regulatory TF hierarchy. (A) Immunoblot analysis of CCMCL1 cells transduced with EBF1-V5 (left), 3× 
FLAG–tagged IRF4 (middle), or 3× FLAG–tagged PAX5 (right). (B) Competition-based proliferation assays of sgRNAs against FOXO1 in Cas9-transduced 
CCMCL1 cells expressing mock control, EBF1-V5, or 3× FLAG–tagged IRF4 or PAX5. (C) Competition-based proliferation assays of sgRNAs against EBF1, IRF4, or 
PAX5 in control and FOXO1r#1-transduced (resistant for sgRNA#1 of FOXO1) CCMCL1 cells. In B and C, data represent mean ± SEM (n = 3). Results are represen-
tative of 3 independent experiments. Statistical analysis was performed using 2-tailed unpaired Student’s t test. The day 13 values of each cell line responding 
to the same sgRNA were respectively compared. **P < 0.001 ***P < 0.0005, ****P < 0.0001. (D) Immunoblot analysis of CCMCL1 (left) or JEKO1 (right) cells 
depleted of FOXO1. Lysates were prepared at day 3 after infection of indicated sgRNAs targeting FOXO1. (E–H) Immunoblot and RT-qPCR analysis of EBF1, 
IRF4, or PAX5 induction in FOXO1-transduced HEL (E and F) or THP1 cells (G and H). Cell lysates and total RNA were prepared at indicated time points after 
infection of FOXO1-encoding lentivirus. In F and H, data represent mean ± SEM (n = 3). Results are representative of 3 independent experiments. Statistical 
analysis was performed using 1-way ANOVA with Tukey’s multiple-comparison test. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.
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along with EBF1, IRF4, and PAX5, was highly expressed in MCL 
cells, in contrast to AML cells, which barely expressed any of the 
4 MCL lineage-survival TFs (Supplemental Figure 4A and Supple-
mental Figure 5B). Moreover, among the FOXO paralogs, only 
FOXO1 was highly expressed in all MCL cell lines, while FOXO3 
and FOXO4 expression was uneven across MCL cells and gener-
ally comparable to that in AML cells (Supplemental Figure 5, C–E 
and F). This raised the possibility that the selective requirement of 
FOXO1 as compared with its structurally and functionally homol-
ogous paralogs might be simply due to its predominant expression 
in MCL cells. To test this hypothesis, we next explored whether 
other FOXO paralogs could functionally substitute for FOXO1 in 
MCL cells. To our surprise, enforced expression of FOXO3, a highly 
homologous paralog of FOXO1, could not compensate for CRISPR- 

mediated FOXO1 depletion nor support the growth of CCMCL1 
cells (Figure 5A and Supplemental Figure 6A). Consistently, over-
expression of FOXO3, unlike enforced FOXO1 expression, did not 
elicit the B lineage–like reprogramming nor induce EBF1, PAX5, 
and IRF4 expression in the AML cell line HEL or THP1 (Figure 5, 
B and C). These findings indicate that FOXO1 is uniquely required 
for the growth of MCL-lineage cells.

FOXO1 and FOXO3 are highly structurally homologous pro-
teins with a comparable length of approximately 660 amino 
acid residues. Sequence alignment indicated that the forkhead 
DBD and C-terminal TADs were among the regions showing the 
highest sequence conservation (Supplemental Figure 6B). Since 
ectopic FOXO3 expression could not compensate for the deple-
tion of endogenous FOXO1 in supporting MCL cell growth, we 

Figure 4. DBD and TAD of FOXO1 are required for its MCL lineage-survival function. (A) A schematic graph of structural domains of FOXO1 protein. CR, 
conserved region; DBD, DNA binding domain; TAD, transactivation domain; NLS, nuclear localization sequence; NES, nuclear export sequence. (B–E) Sys-
tematic evaluation of 167 FOXO1 sgRNAs in negative selection experiments. The location of each sgRNA relative to the FOXO1 protein is indicated along 
the x axis. The y axis is the fold change of the abundance of individual sgRNAs (ratio of start to end point) in Cas9-expressing CCMCL1 (B), JEKO1 (C), UPN1 
(D), and HEL (E) cells after 14 population doublings. (F) Competition-based proliferation assays of sgRNAs against FOXO1 in Cas9-transduced CCMCL1 cells 
expressing wild-type FOXO1 (FOXO1r#1) or DNA binding–defective mutant (FOXO1H215Rr#1). The FOXO1r#1 and FOXO1H215Rr#1 mutants are CRISPR-resistant 
to the action of sgFOXO1#1 but sensitive to sgFOXO1#2. Data represent mean ± SEM (n = 3). Results are representative of 3 independent experiments. 
Statistical analysis was performed using 1-way ANOVA with Tukey’s multiple-comparison test. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001. (G) 
Immunoblot analysis of control or FOXO1H215Rr#1-expressing CCMCL1 cells at day 3 after transduction of indicated sgRNAs.
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cells (Figure 5E and Supplemental Figure 6, C–E). By contrast, 
transduction of the FOXO1r#1-3 variant harboring N-terminal 
FOXO1r#1 (1–298 aa) and C-terminal FOXO3 (297–673 aa) could 
not rescue the growth arrest phenotype of CCMCL1 and UPN1 
cells upon sgRNA-mediated endogenous FOXO1 depletion. Con-
sistently, immunoblot and RT-qPCR analyses of the AML cell line 
THP1 revealed that enforced expression of FOXO3-1, but not the 
FOXO1r#1-3 variant, was able to robustly induce MCL lineage- 
survival TF expression in AML-line THP1 cells (Figure 5, F and G, 
and Supplemental Figure 6, F and G). These findings indicate that 

next sought to determine the structural motif of FOXO1 that is 
responsible for this functional non-redundancy. We engineered 2 
chimeric cDNA constructs by swapping the C-terminal sequences 
of FOXO1r#1 1 (CRISPR-resistant synonymous mutant designed 
specifically for sgFOXO1r#1) and FOXO3 (Figure 5D). The sgRNA/ 
cDNA rescue assays showed that ectopic expression of the 
FOXO3-1 variant containing the FLAG-tagged FOXO3 N-termi-
nus (1–296 aa) and the FOXO1 C-terminus (299–655 aa) retained 
full functionality and could compensate for endogenous FOXO1 
depletion in sgFOXO1-transduced CCMCL1 and UPN1 MCL 

Figure 5. TAD of FOXO1 specifies its MCL lineage–supporting activity. (A) Competition-based proliferation assays for indicated FOXO1-targeted sgRNAs in 
mock control or FOXO3-transduced CCMCL1 cells. Data represent mean ± SEM (n = 4). (B and C) Immunoblot (B) and RT-qPCR analysis (C) of EBF1, IRF4, or 
PAX5 expression in FOXO3-transduced HEL or THP1 cells. Cell lysates and total RNA were prepared at day 20 after infection of FOXO3-encoding lentivirus. 
Data represent mean ± SEM (n = 3). (D) A schematic of domain-swapped FOXO1 and FOXO3 mutants. N, no; Y, yes. (E) Competition-based proliferation 
assays for indicated FOXO1-targeted sgRNAs in FOXO1r-3–transduced (left) or FOXO3-1–transduced (right) CCMCL1 cells. Data represent mean ± SEM (n = 3). 
(F and G) Immunoblot (F) and RT-qPCR (G) analysis of EBF1, IRF4, and PAX5 induction in FOXO1r#1-3–transduced (left) or FOXO3-1–transduced (right) THP1 
cells. Cell lysates and total RNA were prepared at day 7 after infection of lentivirus encoding indicated variants. Data represent mean ± SEM (n = 3).  
(H) Competition-based proliferation assays in FOXO1r#1-3TAD–transduced (left) or FOXO3-1TAD–transduced (right) CCMCL1 cells. Data represent mean ± SEM (n 
= 3). (I and J) Immunoblot (I) and RT-qPCR (J) analysis of EBF1, IRF4, and PAX5 induction in FOXO1r#1-3TAD–transduced (left) or FOXO3-1TAD–transduced (right) 
THP1 cells. The FOXO1r#1-3TAD variant is CRISPR-resistant to the action of sgFOXO1#1 but remains sensitive to sgFOXO1#2. Data represent mean ± SEM (n = 
3). (A, C, E, G, H, and J) Results are representative of 3 independent experiments. Statistical analysis was performed using 1-way ANOVA with Tukey’s multi-
ple-comparison test in A, E, and H and using 2-tailed unpaired Student’s t test in C, G, and J. *P < 0.05, **P < 0.001, ***P < 0.0005, ****P < 0.0001.
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a dose-dependent reduction of FOXO reporter activity but had 
no effect on FOXA2-driven reporter (Supplemental Figure 7B). 
Consistently, immunoblot and RT-qPCR analysis of cpd10-treat-
ed MCL cells revealed a significant reduction of expression of 
the FOXO1 target genes EBF1, PAX5, and CD79B in comparison 
with mock-treated control cells (Figure 6, I and J). Interestingly, 
IRF4 was downregulated only at the protein level, suggesting it 
might not be a direct transcriptional target of FOXO1. Although 
prolonged cpd10 treatment led to FOXO1 degradation, acute 
cpd10 treatment did not interfere with FOXO1 binding to its tar-
get regulatory loci, TXNIP or CD79A, as determined by ChIP–
RT-qPCR (Supplemental Figure 7C). Instead, we found that cpd10 
treatment disrupted the interaction of FOXO1 with its coactiva-
tor p300, as evidenced by the diminished coimmunoprecipita-
tion (Supplemental Figure 7D) and loss of nuclear FOXO1/p300 
interaction by proximity ligation assay in comparison with the 
mock-treated controls (Figure 6, K and L). Consistently, H3K27ac 
ChIP-Seq analysis revealed that genetic FOXO1 knockdown and 
cpd10 treatment in CCMCL1 cells both diminished H3K27ac 
peak intensity on FOXO1 peak-centered loci in comparison with 
the mock-treated control cells (Supplemental Figure 7, E and F). 
RNA-Seq analysis confirmed the coclustering of cpd10-treated 
and genetically FOXO1-inhibited JEKO1 and CCMCL1 as opposed 
to their mock-treated control cells (Supplemental Figure 7G). 
Further pathway enrichment analysis of differentially expressed 
genes revealed common gene sets (i.e., KRAS, TNF, or interferon 
signaling) in both JEKO1 and CCMCL1 cells (Supplemental Figure 
7H). These results together support that cpd10 is a FOXO1 inhibi-
tor that works by repressing coactivator recruitment.

Pharmacological targeting of FOXO1 suppresses MCL progression 
in vivo. We next investigated the relevance of FOXO1 inhibition to 
MCL progression in vivo. CCMCL1 is an MCL line derived from 
engrafted patient-derived tumor cells that were passaged in NSG 
(NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice (52). As a well-char-
acterized and reliable model, CCMCL1 cells have been routinely 
used for in vivo MCL preclinical studies. To assess the impact of 
FOXO1 inhibition on MCL growth in vivo, control and FOXO1- 
targeted sgRNA-transduced CCMCL1 cells were transplanted via 
tail vein injection into secondary recipient NSG mice. As deter-
mined by bioluminescence imaging (BLI), the control mice with 
2 × 106 transplanted sgROSA-CCMCL1 cells generally developed 
tumors within a week after inoculation. By day 21, all control mice 
succumbed to the outgrowth of tumor cells (Supplemental Figure 7, 
I–K). By comparison, depletion of FOXO1 by sgFOXO1 resulted in 
a marked delay in MCL progression and a survival benefit as evi-
denced by the diminished tumor burden and spleen enlargement 
(Supplemental Figure 7L), confirming that FOXO1 inhibition could 
suppress MCL progression in vivo.

We then proceeded to examine the pharmacological antitumor 
activity of the FOXO1 inhibitor cpd10. A pharmacokinetic assess-
ment indicated that cpd10 is a well-tolerated compound with sig-
nificant plasma exposure by multiple routes of administration and 
suitable for in vivo work (Supplemental Table 6). To test whether 
cpd10 has single-agent activity in established MCL, NSG mice 
underwent transplantation of CCMCL1 cells by tail vein injection 
and were monitored by BLI. Upon detection of the disease on day 
3 following inoculation, the MCL-bearing mice were randomly 

the functional determinant of the FOXO1 specificity resides with-
in the C-terminal regions.

Since our tiling scan identified that the TAD motif within 
the FOXO1 C-terminal regions is essential for MCL growth, we 
next performed a domain-swap assay by constructing a FOXO3 
TAD–harboring FOXO1 variant resistant to sgFOXO1#1 (here after 
referred to as FOXO1r#1-3TAD) and a FOXO3 variant swapped for 
FOXO1 TAD (referred to as FOXO3-1TAD). Interestingly, although 
4XIRE-luciferase reporter assays showed that these constructs 
had comparable transcriptional transactivation activity on 
FOXO-driven reporter activity (Supplemental Figure 6H), ectopic 
expression of FOXO1r#1-3TAD could not rescue sgFOXO1-trans-
duced CCMCL1 cells. By contrast, FOXO3-1TAD expression fully 
compensated for the endogenous FOXO1 depletion and rendered 
the resistance to FOXO1-targeted sgRNAs (Figure 5H and Supple-
mental Figure 6, I–K). Consistently, immunoblot and RT-qPCR 
analyses showed that ectopic expression of FOXO3-1TAD, but not 
the FOXO1r#1-3TAD variant, induced a robust expression of EBF1 
and PAX5 in THP1 cells (Figure 5, I and J, and Supplemental Figure 
6, L and M). These findings together establish the TAD motif as 
the determinant of FOXO1’s specific lineage-supporting function.

Cpd10 is a FOXO1-specific inhibitor that suppresses MCL growth 
in vitro. FOXO1 inhibitors, particularly AS1842856, have been pre-
viously used in studies of B cell precursor acute lymphoblastic leu-
kemia (BCP-ALL) (47) and BL (48, 49). But despite its visible effi-
cacy, its selectivity profile and off-target effects have been noted 
(50). To identify FOXO1-specific inhibitors with potent cytotoxic 
effects in MCL, we leveraged a FOXO1-focused investigational 
small-molecule compound library (51). These 144 compounds 
were all found to have at least 10-fold selectivity for FOXO1 over 
FOXA2 based on reporter gene assays and were curated against 
general cytotoxicity up to 50 μM concentration. Using a sin-
gle-dose (4 μM) triage strategy, we pared down to the top 20 com-
pounds by testing their potencies in 3 MCL cell lines (MAVER1, 
JEKO1, and CCMCL1) and counterscreening in the AML cell line 
HEL (Figure 6A). Compounds that consistently induced a cytotox-
ic response across all MCL cells but elicited only baseline cytotox-
icity in the control AML cells were prioritized for further analyses. 
Based on their single-dose activities, 3 top hits — cpd10, cpd2a, 
and cpd3b — were selected for dose-response studies (Figure 6, 
B–D). Among them, cpd10 (N-[3-(1H-1,3-benzodiazol-2-yl)-1H-
pyrazol-5-yl]-4-(4-methylpiperazin-1-yl)benzamide) is a selective 
FOXO1 inhibitor whose in vivo specificity and activity we previ-
ously demonstrated (Supplemental Figure 7A) (50). Importantly, 
cpd10 treatment (2 μM) significantly suppressed the growth of 
MCL cell lines JEKO1 and CCMCL1 but showed little effect on 
the proliferation of AML cell lines HEL and THP1 (Figure 6E). 
Cell cycle and cell death analysis revealed a notable increase of 
sub-G1 fraction and annexin V–positive apoptotic cell population 
in cpd10-treated MCL but not AML cells, as compared with their 
respective mock-treated control cells (Figure 6, F and G). We fur-
ther tested cpd10 sensitivity in 4 primary MCL cells. Consistent 
with the results from MCL cell lines, cpd10 treatment (2 μM) clear-
ly inhibited the survival of primary MCL cells (Figure 6H).

In agreement with our screen results, 4XIRE reporter assays 
of cpd10 confirmed its specific FOXO1 inhibition (IC50 < 0.1 μM). 
Treatment of cells expressing wild-type FOXO1 with cpd10 led to 
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Many tumors rely crucially on the proliferation and surviv-
al programs that are embedded within normal lineage precursor 
cells through development. Thus, tumor lineage-survival TFs 
that support the tumor transcriptional networks represent a large 
class of non-oncogene dependencies and potential therapeutic 
targets (14). Indeed, the 4 MCL lineage-survival TFs identified in 
our CRISPR screen had been previously implicated in early B cell 
development (40), likely reflective of the origin of MCL as a mature 
B cell malignancy from pre-germinal-center-stage B cells. During 
early B cell development, FOXO1 expression is induced in com-
mon lymphoid progenitors by the action of E2A and HEB proteins 
to specify B cell fate. The induced FOXO1 then acts in concert with 
E2A to activate the expression of EBF1, PAX5, and IRF4 to fully 
establish the B-lineage gene expression program (53, 54). This is 
consistent with our findings that FOXO1 acts in the upstream reg-
ulatory hierarchy of MCL lineage commitment and expression. 
Moreover, our ChIP-Seq analysis reveals that the annotated gene 
regulatory regions of the other 3 TFs were highly overlapped with 
those of FOXO1, suggesting that their coordinated activity is nec-
essary for establishing MCL transcriptional identity and support-
ing tumor cell survival. Notably, despite their upstream regulatory 
role in B-lineage commitment, our CRISPR screen reveals that 
E2A and HEB are dispensable for MCL propagation (Figure 1C), 
suggesting that MCL lineage-survival TF expression no longer 
depends on the early B lineage–specifying TFs.

Our findings, together with earlier studies, suggest that FOXO1 
is required for B cell–originating tumor survival. In addition to MCL 
cells, FOXO1 dependency has been found in BCP-ALL (47) and BL 
(48, 49). By comparison, we found that germinal center–derived 
DLBCL and BL cells exhibited remarkably less dependency on 
FOXO1 despite their mature B cell origin (Supplemental Figure 2, 
E–G), suggesting that extragenetic or epigenetic alterations may 
substitute for the FOXO1 lineage-survival program in different 
cellular contexts. In line with this idea, ectopic expression of the 
FOXO1 downstream effector CCND3 largely rescued BCP-ALL 
cells from FOXO1 inactivation–induced growth arrest and apop-
tosis (47). However, overexpression of CCND1, a predominant 
D-type cyclin of MCL, could not protect MCL cells from FOXO1 
depletion–induced cell death, indicating the presence of distinct 
FOXO1 lineage-survival programs. Future investigation is need-
ed to determine the detailed molecular events that follow FOXO1 
action in different subsets of B cell–originated malignancies.

As one of the effector arms of PI3K/AKT signaling, FOXO 
TFs have been implicated in a wide variety of biological processes, 
including tumor suppression. We and others previously showed 
that mice somatically depleted of FOXO1 along with its 2 close 
paralogs, FOXO3 and FOXO4, are predisposed to the develop-
ment of thymic lymphomas and hemangiomas (20). In contrast 
to those well-described tumor-suppressive activities, the current 
study reveals that FOXO1 may also act as a pro-oncogenic lin-
eage-survival TF in MCL. Genetic or pharmacological inhibition 
of FOXO1 collapses the MCL transcriptional network and induces 
tumor cell death in vitro and in vivo. These observations under-
score the highly context-dependent nature of FOXO1 functions 
in tumorigenesis. Consistent with our findings, somatic missense 
FOXO1 mutations that target its AKT recognition motif have been 
recurrently identified in a significant fraction of germinal center 

grouped and dosed once daily with cpd10 (100 mg/kg per dose, 
i.p.) or vehicle. Remarkably, cpd10 administration led to a substan-
tial delay in disease progression and significantly extended surviv-
al (Figure 7, A–D). The cpd10 treatment was well tolerated in the 
experimental group of C57BL/6J mice, with no visible body weight 
loss and only marginal impact on normal B cell content (Supple-
mental Figure 7, M and N). Moreover, analysis of spleen tissues 
from cpd10-treated animal groups revealed a reduced expression 
of the FOXO1 transcriptional targets CXCR4, CD79B, PAX5, and 
EBF1 (Figure 7E). Together, these findings indicate that cpd10 has 
efficacious anti-MCL activity as a single agent in vivo.

Discussion
It has been increasingly appreciated that oncogenic events occur 
in the context of cellular identity. As a result, genetic or pharmaco-
logical inhibition of the core lineage-specific TFs that implement 
cancer cell identities may impair tumor viability by disrupting their 
gene expression networks (13, 14). In this study, we have identified 
FOXO1, EBF1, PAX5, and IRF4 as 4 critical lineage-survival TFs 
in MCL. Among these, FOXO1 is sufficient to drive the MCL lin-
eage transcription program by supporting the expression of oth-
er lineage-survival TFs. We further show that FOXO1, but not its 
closely related paralogs, is selectively required for MCL lineage 
maintenance. The domain-swap assay pinpoints the transactiva-
tion domain (TAD) of FOXO1 as the determinant of the dedicated 
function. Finally, we have identified cpd10 as a FOXO1-targeted 
lead compound and verified that cpd10 treatment of MCL cells 
elicits a robust cytotoxic response in vitro and suppresses tumor 
progression in vivo. These findings identify FOXO1 as a master 
regulator for MCL lineage survival and highlight pharmacologi-
cal FOXO1 inhibition as a therapeutic strategy targeting lineage- 
driven transcriptional addiction in MCL (Figure 7F).

Figure 6. Cpd10 is a FOXO1-specific inhibitor that suppresses MCL 
growth in vitro. (A) Ranking of cell death induction activity of 144 FOXO1 
small-molecule inhibitors. Cell death was measured by TO-PRO-3 cell 
death assay (Thermo Fisher Scientific) after 6-day treatment of com-
pounds (4 μM) in 4 indicated cell lines. Red arrows point to the selected 
inhibitors for follow-up studies. (B–D) Dose-dependent effect of FOXO1 
inhibitors on MCL and AML cell lines. Relative cell death (percent) was 
determined by TO-PRO-3 staining at day 6 under treatment of the 
indicated compounds. (E) Growth curve of CCMCL1, HEL, and THP1 cells 
under cpd10 (2 μM). (F) Percentage of annexin V–positive JEKO1, HEL, 
and THP1 cells at day 6 following treatment with cpd10 (2 μM). (G) Cell 
cycle distribution of cells treated with cpd10 (2 μM). (H) Primary MCL cells 
were cultured with cpd10 (2 μM) or vehicle. Data represent mean ± SEM 
(n = 4, MCL1, MCL4; n = 3, MCL2, MCL3). Results are representative of 2 
independent experiments. (I and J) Immunoblot (I) and RT-qPCR assay 
(J) of CD79B, EBF1, IRF4, or PAX5 mRNA expression in 3 indicated control 
and cpd10-treated cell lines. Total RNAs were prepared after 48 hours of 
treatment. (K) Representative proximity ligation assay (PLA) image of 
MAVER1 cells demonstrating the inhibition of interaction between FOXO1 
and p300 in response to 2 μM cpd10. Scale bars: 20 μm. (L) Quantitation of 
mean fluorescence intensity (MFI) of PLA signal per nuclei from MAVER1 
or CCMCL1 cells. The number of nuclei scored is indicated. (B–F, J, and 
L) Data represent mean ± SEM (n = 3). Results are representative of 3 
independent experiments. Statistical analysis was performed using 1-way 
ANOVA with Tukey’s multiple-comparison test in B–D and using 2-tailed 
unpaired Student’s t test in E, F, H, J, and L. *P < 0.05, **P < 0.001, ***P < 
0.0005, ****P < 0.0001.
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els of FOXO1 protein expression with hyperactivated PI3K/AKT 
signaling (Supplemental Figure 5B), suggesting that FOXO1 pro-
tein stability and PI3K/AKT activity are likely uncoupled in MCL.

FOXO TFs are an evolutionarily conserved family of transcrip-
tional regulators that includes 3 highly related paralogs (FOXO1, 
FOXO3, and FOXO4) with overlapping patterns of expression 
and transcriptional activities and a fourth more distantly relat-
ed member (FOXO6) regulated by distinct mechanisms (61). 

origin of B cell lymphomas, including DLBCL, follicular lympho-
mas, and BL (29, 30, 55–58). Moreover, studies in BL and B cell 
non-Hodgkin’s lymphomas have demonstrated FOXO1 mutation 
as a pro-oncogenic event in germinal center B cell–derived lym-
phomas owing to its pro-proliferative and antiapoptotic activity 
(59, 60). Interestingly, although somatic gain-of-function hotspot 
FOXO1 mutations have not been found in MCL, our examination 
of human MCL cell lines found a frequent coexistence of high lev-

Figure 7. Pharmacological inhibition of FOXO1 suppresses MCL progression in vivo. (A) Experimental design of the in vivo treatment. (B) Bioluminescent 
imaging of CCMCL1 MCL recipient mice at the indicated day after initiation of treatment with cpd10 (100 mg/kg/d) or vehicle control. (C) Quantification of 
bioluminescent imaging responses to cpd10 treatment. Mean values of vehicle-treated (n = 5) and cpd10-treated (n = 6) mice are shown. Data represent 
mean ± SEM (n = 5 or 6). Results are representative of 2 independent experiments. Statistical analysis was performed using 2-tailed unpaired Student’s t 
test. ***P < 0.0005. (D) Kaplan-Meier survival curves of control and cpd10-treated mice. Statistical significance was determined using a log-rank test. (E) 
RT-qPCR analysis of indicated human genes in vehicle- and cpd10-treated spleens of CCMCL1 MCL recipient mice. Data represent mean ± SEM (n = 3 or 4). 
Results are representative of 2 independent experiments. Statistical analysis was performed using 2-tailed unpaired Student’s t test. **P < 0.005, ***P < 
0.0005. (F) Predicted model of MCL lineage-survival transcriptional program and its dissolution following targeted inhibition of FOXO1.
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7–14 days. All cell lines were repeatedly tested for mycoplasma con-
tamination by PCR.

Primary MCL cell culture. Peripheral blood from MCL patients 
was obtained following written informed consent under a protocol 
approved by the Institutional Review Board of The Ohio State Uni-
versity in accordance with the Declaration of Helsinki. Non-nodal 
leukemic MCL cases were excluded. After thawing of cryopreserved 
peripheral blood mononuclear cells according to standard protocols, 
MCL cells were isolated using CD19 magnetic beads and cultured 
according to standard methods. Purity of the isolated MCL cells was 
determined by flow cytometry analysis using CD45, CD5, and CD20 
staining. Patient characteristics are included in Supplemental Table 2. 
Primary MCL cells were cultured as previously described with modifi-
cations (64). Primary MCL cells were cultured in RPMI 1640 medium 
supplemented with 20% FBS, 50 U/mL penicillin-streptomycin, 2 mM 
l-glutamine, IL-6 (40 U/mL), soluble IL-6R (40 U/mL), IGF-1 (30 ng/
mL), sCD40L (0.5 μg/mL), and BAFF (50 ng/mL) and cocultured with 
an HS-5 (GFP-positive) stromal cell layer.

Treatment of MCL xenografts. Mice were maintained on a 12-hour 
light/12-hour dark cycle, and food and water were provided ad libi-
tum. Mice of either sex were used. For in vivo transplantation of MCL 
cells, CCMCL1 cells expressing Cas9 and luciferase were infected 
with sgFOXO1 or sgROSA. On day 3 after infection with the sgRNA, 
the infection rate was checked by the percentage of GFP-positive cells, 
and all samples had a more than 90% infection rate. One million cells 
were injected i.v. into 8- to 12-week-old NSG mice (The Jackson Lab-
oratory, 5557). To detect the disease progression, mice were imaged 
with an IVIS Spectrum system (Caliper Life Sciences).

For cpd10 treatment, NSG mice were injected i.v. with 2 × 106 
CCMCL1 cells. Mice were randomized based on in vivo imaging sys-
tem (IVIS) signal, and treatment started on day 4. Mice were treated 
i.p. with vehicle or cpd10 (100 mg/kg daily). Cpd10 was formulated 
in Solutol HS-15/saline (5:95 vol/vol). Disease progression was moni-
tored by IVIS scanning every 5 days.

Plasmid construction and sgRNA cloning. All the sgRNAs targeting 
human genes were cloned into either LRG2.1 or lenticrisprV2 follow-
ing the protocol of Feng Zhang and colleagues (65). In brief, sgRNAs 
were cloned by annealing of 2 DNA oligonucleotides and T4 DNA liga-
tion into a BsmB1-digested LRG2.1 or lenticrisprV2 vector.

For the cDNA overexpression experiments, a full-length FOXO1, 
FOXO3, PAX5, EBF1, and IRF4 cDNA and each 3× N-terminal FLAG 
were amplified using CloneAmp HiFi PCR Premix (Takara Bio). 
FLAG and cDNA templates were cloned into pLu, pLx304, or pBabe 
vector using Gibson Assembly Master Mix (New England Biolabs). 
After ligation, plasmid DNA was transformed into Stbl3. Further 
information about the reagent and the primers for cloning is listed in 
Supplemental Table 7.

Domain-focused sgRNA pooled library. sgRNA pooled library TFs 
were provided by Christopher Vakoc, and this experiment followed 
the method of his group’s previous study (34). sgRNA oligonucleotides 
for FOXO1 were selected based on domain information, synthesized 
in a pooled format (Integrated DNA Technologies), and then amplified 
by PCR using CloneAmp HiFi PCR Premix. PCR-amplified products 
were cloned into BsmB1-digested LRG2.1 vector using Gibson Assem-
bly Master Mix. After ligation, plasmid DNA was transformed into 
Stbl3 and cultured overnight at 37°C. The plasmid DNA was extracted 
with a NucleoBond Xtra Maxi kit (Macherey-Nagel).

FOXO1, FOXO3, and FOXO4 behave in a highly similar manner 
in biochemical studies and regulate a common set of target genes 
through a shared core recognition motif, [A/G]TAAA[T/C]A (62). 
Given their extensive functional redundancies, it is unanticipat-
ed that only FOXO1, among the 4 family members, is specifically 
required for MCL survival. This dedicated function of FOXO1 is 
clearly not due to its distinct tissue- or lineage-specific expression 
patterns or regulatory mechanisms, as ectopic expression of its 
close relative FOXO3 fails to rescue the FOXO1 depletion–induced 
growth arrest phenotype in MCL cells. Our domain-swap analy-
sis further successfully narrowed down the underlying structural 
determinant to the TAD of FOXO1. But despite these findings, we 
still have not been able to pinpoint the underlying molecular mech-
anism. Hence, an important area of future study will be to deter-
mine the other TF(s) or cofactor(s) that cooperate with FOXO1 to 
carry out its dedicated MCL lineage-survival TF function.

Precision oncology efforts have led to the development of new 
therapies for the treatment of refractory and resistant MCL, such 
as CD19 CAR T cells and non-covalent inhibitors of BTK (6–11). 
However, despite initial success, new therapeutic targets and strat-
egies are needed to circumvent the resistance. Thus, the devel-
opment of therapeutic agents that target the MCL lineage depen-
dency through FOXO1 inhibition may meet the task by not only 
expanding the targeted approaches but also providing complemen-
tary agents for future combination regimens. Targeting lineage- 
survival TFs raises the possibility of on-target toxicity. For example, 
pharmacological inhibition of FOXO1 may theoretically also affect 
normal B cell development based on its mechanism of action. 
Despite those potential concerns, we expect that the side effect 
will be manageable with carefully scheduled dosing and the effect 
will likely be reversible upon cessation of the treatment, as with the 
CD19 CAR T cell therapeutics (63). By executing a small-molecule 
screen of a selective compound library, we have identified cpd10 
as a FOXO1-targeted lead compound. We further validated that 
cpd10 treatment inhibits MCL cell propagation in vitro and tumor 
growth in vivo. Importantly, the treatment was well tolerated in our 
study. We found no overt toxicity in the experimental animals that 
had been given cpd10 (100 mg/kg per dose per day, i.p.) for over 
a month. The findings support that pharmacological inhibition of 
lineage-survival TFs may be used as a therapeutic strategy to target 
lineage-driven transcriptional addiction in MCL.

Methods
Information regarding the usage of antibodies, bacterial strains, chem-
ical and biological agents, cell lines, primers, recombinant DNA, soft-
ware, algorithms, and instruments is included in Supplemental Table 7.

Cell lines and culture details. MCL cell lines CCMCL1, JEKO1, 
UPN1, MAVER, MINO, Z138, SP53, and REC1, leukemia cell lines 
HEL, THP1, and K562, and BL lines BJAB and DG75 were cultured in 
RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 
2 M l-glutamine, and 50 U/mL penicillin-streptomycin. Human cell 
lines H1299, U2OS, HeLa, and HEK293T were maintained in DMEM 
supplemented with 10% FBS and 50 U/mL penicillin-streptomycin at 
37°C in a humidified 5% CO2 incubator. All cell lines were lentivirally 
transduced to express human codon-optimized SpCas9 nuclease for 
establishment of somatic-deletion cells by CRISPR/Cas9 genome 
editing. Infected cells were selected with blasticidin or puromycin for 
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Coimmunoprecipitation assay. Coimmunoprecipitation assay was 
performed as previously described (67). In brief, cells were lysed fol-
lowing the protocol of Rubio et al. Protein extracts (0.8 mg) were incu-
bated with anti-FLAG magnetic beads with normal IgG as a control for 
12 hours at 4°C.

Proximity ligation assay. Cells were attached to a glass slide using 
a cytospin centrifuge, fixed with 4% paraformaldehyde, and perme-
abilized in 0.2% Triton X-100. Primary antibodies (FOXO1, 1:500, 
Abcam, catalog 39670; and p300, 1:100, Sigma-Aldrich, catalog 
SAB1400094 clone 1B1) were incubated overnight at 4°C. Detection 
was performed using the Duolink In Situ Red kit (Sigma-Aldrich, cat-
alog DUO92101) according to the manufacturer’s instruction. Images 
were acquired with an EVOS Auto FL microscope system using a ×40 
objective. Mean fluorescence intensity per nucleus was determined 
using ImageJ 1.52k (NIH) software.

RNA sequencing and data analysis. Total RNAs were isolated from 
cells and subjected to RNA sequencing at the Genomics Resourc-
es Core facility of Weill Cornell Medicine. RNA-Seq libraries were 
prepared using the Illumina TruSeq stranded mRNA library prepa-
ration kit and sequenced on a HiSeq4000 sequencer (Illumina). 
Before analysis, library quality was assessed using FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and adapt-
ers/sequencing artifacts were removed using Cutadapt (v1.8.2) 
(68) for all data. Next, gene expression quantification was accessed 
with selective alignment and fragment/GC content bias correction 
against the GENCODE 41 human transcript annotations, using 
salmon (v1.6.0) (69). The expression counts were normalized by the 
trimmed mean of M values method (70) and transformed to counts 
per million. The genes were ranked by the ratio between the knock-
outs (average of each target gene) and their respective controls and 
used to perform functional pathway enrichment via gene set enrich-
ment analysis (GSEA) using a Monte Carlo adaptive multilevel split-
ting approach, implemented in the fgsea package (71). The hallmark 
collection obtained from the Broad Institute MSigDB database (72) 
was used for the analysis.

ChIP and ChIP-qPCR. ChIP analysis was performed as described 
previously (73). In brief, 3 × 107 cells were sequentially cross-linked 
with 5 mM ethylene glycol bis(succinimidyl succinate) (EGS[Thermo 
Fisher Scientific]) for 45 minutes and with 1% paraformaldehyde for 
10 minutes and quenched with 120 mM glycine for 5 minutes at room 
temperature. After nucleus isolation, the chromatin was digested 
with 6,000 gel units of micrococcal nuclease for 10 minutes at 37°C, 
followed by sonication in shearing buffer (50 mM Tris-HCl, 10 mM 
EDTA, and 0.1% SDS) using the Covaris M220 Focused ultrasonica-
tor. Immunoprecipitation was performed with 10 μg of anti-FOXO1 
overnight at 4°C. Twenty microliters of precleared Dynabeads Protein 
G (Thermo Fisher Scientific) was added and incubated for 3 hours at 
4°C. Beads were washed by high-salt buffer (50 mM HEPES, 500 mM 
NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, and 0.1% sodium 
deoxycholate) and RIPA buffer (including LiCl). The chromatin was 
eluted in elution buffer (50 mM Tris-HCl, 10 mM EDTA, and 1% SDS) 
and reverse cross-linked at 65°C overnight. DNA was extracted using 
NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel), and size 
selection was carried out to obtain approximately 300 bp of DNA frag-
ments using SPRIselect Reagent (Beckmann Coulter). RT-qPCR was 
performed using specific primers described in Supplemental Table 7. 
Libraries were made using KAPA Hyper Prep kit (Roche). Briefly, 30 

Competition-based proliferation assays (GFP dropout assay). Cas9- 
expressing cell lines were infected with sgRNAs linked with GFP using the 
U6-sgRNA-GFP plasmid. For dropout assay, cells were seeded at a den-
sity of 0.25 × 106 in a 6-well culture plate and infected with the indicated 
sgRNAs. After 3 or 4 days of transduction, 75% of total cells were harvest-
ed, and then flow cytometry analysis was performed. The percentage of 
GFP-positive cell population was analyzed time-dependently with an 
LSR II flow cytometer (BD Biosciences). To assess the impact of individ-
ual sgRNAs on cellular proliferation, percentage GFP-positive at the final 
time point was compared with that at day 3 or 4 after transduction.

Generation of viral particles. Viruses were produced by cotransfec-
tion of indicated plasmids and packaging vectors into HEK293T pack-
aging cells as previously described (66). In brief, to generate lentivirus, 
8 × 106 293T cells in 100 mm tissue culture dishes were transfected 
with 8.5 μg of each plasmid DNA along with 4 μg of pMD2.G and 6 μg 
of psPAX2 packaging vectors using polyethylenimine. To produce ret-
rovirus, 10 μg of each plasmid DNA and 10 μg of amphotropic vector 
were transfected into HEK293T cells.

sgRNA pooled library negative selection screening. Each MCL cul-
ture that expressed Cas9 stably was infected at 40% to avoid multiple  
sgRNA infection. A minimum of 108 cells were kept to maintain the 
representation of all sgRNAs in the library. At day 3 after infection, 
108 cells were collected and used as a reference representation of the 
library. Cells were further cultured for 20 population doublings and 
collected. The collected cells were lysed with DNA extraction buf-
fer (10 mM Tris-HCl, 150 mM NaCl, 10 mM EDTA, and 0.2% SDS) 
including proteinase K (100 mg/mL) overnight at 56°C. Genomic 
DNA was extracted by 3 rounds of phenol and precipitated in 75% eth-
anol overnight at –20°C. The precipitated pellet was washed with cold 
75% EtOH and resolved with water for 1 hour at 56°C. To amplify the 
sgRNA library, a PCR reaction was performed for each genomic DNA 
using Takara Taq enzyme. The PCR product was collected, and about 
250 bp of DNA was extracted using gel electroporation. Twenty nano-
grams of first PCR product was run to ligate the barcode for sequenc-
ing using Q5 High-Fidelity 2× Master Mix (New England Biolabs).

RNA extraction and RT-qPCR. Total RNAs were extracted from 
cells using a NucleoSpin RNA kit (Macherey-Nagel). Reverse tran-
scription was carried out on 1.0 μg of total RNA using a RevertAid 
RT kit (Thermo Fisher Scientific). RT-qPCR was performed on cDNA 
samples using the PowerUp SYBR Green Master Mix (Thermo Fish-
er Scientific) on the 7500 Fast Real-time PCR system (Thermo Fish-
er Scientific). All samples were run in triplicate, and the mRNA level 
of each sample was normalized to that of ACTB mRNA. The relative 
mRNA level was presented as unit values of 2ΔΔCt.

Immunoblot analysis. Cells were lysed by 1× Laemmli buffer fol-
lowed by sonication (30 watts/5 seconds/10 cycles). Protein concen-
tration was determined using Pierce BCA protein assay kit. One to 
thirty micrograms of proteins were separated by SDS-PAGE electro-
phoresis and transferred to PVDF membrane, which was incubated 
with primary antibodies against ACTB (1:10,000), V5 (1:3,000), FLAG 
(1:1,000), EBF1 (1:1,000), FOXO1 (1:1,000), FOXO3 (1:1,000), IRF4 
(1:1,000), PAX5 (1:1,000), AKT (1:1,000), p-AKT (S473) (1:1,000), 
or TUBA (1:10,000) overnight at 4°C and then with HRP-conjugated 
anti-mouse or anti-rabbit IgG. Blots were developed with the Super-
Signal West Pico Chemiluminescent substrate (Thermo Fisher Scien-
tific). Further information about the usage of antibodies is included in 
Supplemental Table 7.
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ng from each immunoprecipitated or input DNA was end-repaired, 
phosphorylated, A-tailed, and ligated to adaptors. Ligated products 
were size-selected with 0.8× SPRI beads to obtain 250–350 bp of 
DNA. After purification, an 8-cycle PCR amplification reaction was 
performed. PCR product was cleaned using 1× SPRI beads. Sequenc-
ing and post-processing of the raw data were performed at the Genom-
ics Resources Core facility of Weill Cornell Medicine.

ChIP sequencing analysis. ChIP-Seq data were aligned to human 
hg19 reference genome using Bowtie v0.12.9 with default parameters 
(74). Peak calling was performed by macs14 v1.4.2 with default param-
eters (75). BigWig files of ChIP-Seq data track and analysis of read 
density in peak regions were generated using deepTools v3.1.3 (76). 
Read density of specific genomic regions was displayed using Integra-
tive Genomics Viewer v2.4.19 (77). Pathway enrichment analysis was 
performed by enrichGO function from clusterProfiler v3.2.14. Pro-
moters were defined as the regions encompassing 2 kb in both direc-
tions of the transcription start site of University of California Santa 
Cruz Genomics Institute (UCSC genes).

Analysis of cytotoxic killing of MCL cells by FOXO1 inhibitors in vitro 
and in vivo. Compound 10 (cpd10) was previously published (50, 51). 
For in vitro treatment, cpd10 was reconstituted in DMSO as 0.8 mM 
stock and treated for 6 days for cytotoxic responses.

Data availability. The data that support the findings of this study 
are available within the article and its Supplemental Tables. RNA-
Seq and ChIP-Seq data can be found in the NCBI’s Gene Expression 
Omnibus database (GEO GSE182689).

Statistics. We determined experimental sample sizes based on 
preliminary data. For numerical variables, all results are expressed as 
mean ± SEM. Normal distribution of the sample sets was determined 
before application of 2-tailed Student’s t test or 1-way ANOVA for 
group comparisons. A 2-sample Student’s t test was used to compare 
the differences between 2 groups, and a 1-way ANOVA was used to 
assess the differences among multiple groups followed by a post hoc 
2-sample Student’s t test between groups with a Bonferroni’s proce-
dure to adjust the P values for multiple comparisons. Kaplan-Meier 
method was used to estimate the probability of survival, and the log-
rank test was used to compare the overall survival difference between 
groups. All statistical tests were 2-sided, and the differences were con-
sidered significant when P was less than 0.05. GraphPad Prism soft-
ware was used for all statistical analyses.
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